Temporary rivers are the dominant surface water bodies in the Mediterranean region although they are rarely monitored. Until recently dry reaches have been described as "biologically inactive" (Stanley et al. 1997) and there is still little information available on the biogeochemical processes. Tzoraky et al. (2007) observed that in semi-arid catchments the channel bed processes continue even at a low level (40%) of sediment moisture. As a result, the first water flush entering into contact with sediments after a drought period could be extremely modified in its chemistry compared to the base flow, causing in turn drastic modifications in the chemistry of receiving water-bodies (e.g., lakes, rivers, and coastal waters) ( Fig. 6.1 ).
Aquatic sediments act as a sink and source of nutrients. Microbial degradation and transformation of the organic matter deposited in a river channel bed are key processes with regard to the carbon cycling in the lotic food web, which links sedimentary organic matter to the upper level of the community, including carnivores (Fischer and Pusch 2001; Findlay et al. 2003; Mulholland 2003; Marxsen 2006) . Via the microbial food chain, complex organic substrates are solubilized by extracellular enzymes in a series of steps from particulate organic matter to high molecular weight dissolved organic carbon and low molecular weight substrates (Chrost 1991) . A strong coupling between bacterial activities and deposition of organic material in sediment has been found for both marine and freshwater systems (Sander and Kalff 1993; Goedkoop et al. 1997; Wobus et al. 2003) . Hence the efficiency of extracellular enzymes represents a critical step and is able to influence the incorporation of organic carbon into bacterial cells and the consequent transfer to the food chain (Marxsen and Fiebig 1993) .
Drying and rewetting are well known climatic factors influencing the physiological status of microbial biomass in soil ecosystems, with significant effects on mineralization (e.g., Raubuch et al. 2002; Griffiths et al. 2003; Mikha et al. 2005) . Although benthic microbial processes have been recognized as having an important role in carbon and nutrient flux, few studies have documented the Fig. 6 .1 Changes in hydrological conditions in temporary rivers (after Kirkby and Froebrich (2006), modified) response to dry-wet cycles in temporary waters. The exact role of microbes in mediating these processes is still largely unresolved because methodological constraints make it difficult to determine whether the effects are biologically or physically driven. In addition, in situ measurements are very difficult because of high temporal variability and spatial heterogeneity. This issue has been recently addressed by the European Commission through its funding of Research Projects on temporary rivers (TempQsim and Mirage) with the aim to provide advanced tools to significantly improve the efficiency of integrated water management in Mediterranean semiarid river catchments. This action has encouraged experimental studies on the role of the benthic microbial community in carbon, nutrient and energy flux during drastic changes in water availability (Tzoraky et al. 2007; Amalfitano et al. 2008; Fazi et al. 2008; Zoppini et al. 2010 ).
The Response of Benthic Microbial Communities to Drought: A Matter of Survival
Drought has been cited as the most serious of natural disasters as regards loss of life and its impact on agricultural production and economics (Wilhite 2000) , although it is a natural feature of aquatic ecosystems in most regions of the world (McMahon and Finlayson 2003) . Temporary waters result in sediment desiccation during an extended period of the year with the consequence of exposing the benthic organisms living there to the air. Biota that inhabits these ecosystems must be morphologically, physiologically and behaviorally adaptable to survive such conditions until the first flood arrives.
Desiccation has been reported to alter the chemistry (e.g., De Groot and Van Wijck 1993) and mineralogy (e.g., Baldwin 1996) of the sediment or soil and kills up to three-quarters of the microbes (e.g., Qiu and McComb 1995) . In semiarid regions of the planet drought events have a major effect on benthic community functions, including a delay in litter decomposition together with a decrease in invertebrate density Fonnesu et al. 2004; Larned et al. 2007) .
Tolerance mechanisms to desiccation are poorly understood despite the fact that numerous prokaryotic and eukaryotic organisms are capable of surviving more or less complete dehydration. Drying-rewetting imposes physiological constraints that few genera of bacteria, called anhydrobiotes, can tolerate (Potts 1994; Billi and Potts 2002) . Bacteria can cope with this problem through strategies such as forming polymers and spores with the ability to resist physical blows. The production and storage of intracellular solutes, like amino acids and low molecular weight carbohydrates, for acclimatizing to low water conditions (Halverson et al. 2000) , is especially important for Gram-negative bacteria, which are unable to form spores and are more susceptible than Gram-positives to disruption by osmotic stress because of their less stable cell walls (Fierer et al. 2003; Schimel et al. 2007 ).
Examples of spore-forming bacteria are quite widespread among Gram-positive bacteria and they colonize various habitats, including the aquatic environment. In their dormant state, spores have no detectable metabolism although recent findings indicate that dormant bacterial spores, belonging to the genus Bacillus, can significantly influence the distribution of heavy metals in the sedimentary marine environment by enzymatic catalysis (Francis and Tebo 2002; Dick et al. 2006) . Moreover over the long term (millions of years) catalase was found in freezedried permafrost samples (Gilichinsky et al. 1992) , while in deep-sea sediments enzyme activity was detected even in a 124,000 year-old sapropel layer (Coolen and Overmann 2000) . Overall, these studies suggest that the commonly held view that bacteria in the dormant state are inactive should be revised.
Lowland river-floodplain systems are characterized by a high degree of variability where inundation marks the shift from a terrestrial ecosystem to an aquatic one. In these systems partial drying of wet (previously inundated) sediments results in an increased sediment affinity for phosphorus and produces a zone where there is nitrification coupled with denitrification causing a reduction of nutrient availability (Baldwin and Mitchell 2000) . A complete desiccation of sediments may lead to the death of bacteria (and subsequent mineralization of nutrients), a decrease in the affinity of P for iron minerals, a decrease in microbial activity and a cessation of all anaerobic bacterial processes (e.g., denitrification).
For semi-permanent stream sediments Rees et al. (2006) showed that changes in microbial community structure were preserved even one month after rewetting, with a significant difference from the pre-drought and drought microbial communities.
The functional properties of microbial communities were investigated in the sediment of ephemeral rivers (Larned et al. 2007 ). Non-specific esterase activity, used as an assay for total enzyme activity, was negatively related to the dry period length. The esterase activity decreased by a negative exponential model in the dry periods of 1-7 days accompanied by decreasing respiration rates. Moreover a prolonged period of drought (up to 417-days) further affected esterase activity, reducing the rates by an order of magnitude to close to the detection limit.
Extracellular enzymes may be stable in dry soils or aquatic biofilms for weeks. For phosphatases Perez-Mateos et al. (1991) observed that 65% of indigenous enzymes remained active after 50 days of soil storage at 22 C, while Romaní and Sabater (1997) found that extracellular enzyme activity recovered immediately in stromatolitic riverine communities when rewetted after a summer drought.
Benthic cyanobacterial mats from marshes of northern Belize, an oligotrophic environment, are exposed to extreme conditions in terms of hydrology, nutrient availability and salinity (Sirová et al. 2006 ). In the cyanobacterial mats alkaline phosphatase exhibited the highest extracellular enzyme activity, followed by leucineaminopeptidase, arylsulphatase, and b-glucosidase. During the period of drought dry mats retained the same level of potential phosphatase activity after 10 weeks of desiccation (350-450 mmol MUF g À1 ash free dry weight min À1 ). In this environment the preservation of enzyme activity may be favored by the levels of polysaccharide-rich extracellular polymeric substances (EPS) that characterise benthic cyanobacterial mats. Most of the phosphatase activity, visualized using artificial ELF ® 97 phosphate, appeared free and located in the EPS matrix throughout the mat, with a decoupling from its source in both space and time.
Many studies on the effect of droughts on benthic microorganisms encounter difficulties in disentangling the relative effects of the spatial and temporal extents of low flows and of these from the river bed drying pattern. The alternative approach to gathering information is to simulate a drought event in the laboratory. Amalfitano et al. (2008) collected wet sediments from four temporary European rivers and let them dry under controlled conditions until complete desiccation. Despite the different origin of the microbial communities the responses of structural and functional parameters to drought were very similar ( Fig. 6.2) . Bacterial carbon production exponentially decreased, nearly ceasing in dry conditions, followed by a slower decrease in bacterial abundance, with an overall reduction of 74%. By the end of the experiment, live cells (14% of the initial value) were depressed in their main metabolic functions. Hence a conspicuous number of live cells were still abundant at the end of the experiment, but mostly depressed in their metabolic activity. As a result, the significant decrease in per-cell production resulted in a very substantial increase in the community turnover time. Community composition shifted, with an increase in Alpha-and Betaproteobacteria when sediment was dried. In the same experiment extracellular enzyme activities, measured fluorometrically (Wobus et al. 2003) , involved in P, N, and C cycling were weakly or not at all affected by the progressive decreasing of water availability (Zoppini 2007) . Aminopeptidase activity was affected by drying and displayed a slow decreasing trend in all tested rivers although it preserved between 40 and 60% of the initial rates in dry sediments (Fig. 6.3) . Overall the capacity of alkaline phosphatase to hydrolyze phosphorilated organic matter did not change significantly during the progressive loss of moisture: only one in four tested sediments (the river Krathis) showed a negative trend with desiccation but still preserved 80% of its initial capacity during dry conditions. Similarly the hydrolyzing capacity of polymers like polysaccharides and lipids (b-glucosidase and lipase activities) was preserved under drought conditions without showing any significant trend. This enzyme activity survival capacity recalls mechanisms found in desiccation-tolerant bacterial cells capable of accumulating proteins, of which many are able to remain stable (Billi and Potts 2002) , or the capacity of polysaccharides-rich extracellular polymeric substances (EPS) to favor enzyme preservation (Sirová et al. 2006) .
To sum up the data, microbial communities are significantly affected by water stress conditions and there are changes in microbial community structure with a drastic reduction of cell abundance, vitality and metabolic activity. Hydrolytic enzymes constitute an exception to this trend. They are probably preserved even if the cells in which they originated become non-viable. We postulate that the preservation of these enzymes represents an important mechanism for the fast recovery of surviving microbial cells after drought. If the hydrolysis of organic matter continues in the dry sediment we can infer that the pool of organic compounds contained in the first water flush could be enriched with labile nutrients that accumulate in the sediments as bacteria are died or temporarily inactive. However, in the case of a complete stop of extracellular enzyme activity during extreme dryness, enzymes are able to become active immediately upon rewetting (Marxsen et al. 2010) , thus resulting in immediate delivery of these compounds. 
Benthic Microbial Community Awakening After Flooding
The intense run-off and flushing associated with the heavy storms typically occur shortly after the end of a dry period. These events can severely impact microbial distribution as river discharges can increase by several orders of magnitude with respect to their regular flow (Holmes et al. 1998) .
Inundation of previously dry river reaches can trigger ecological "hot moments" during which biogeochemical reactions or biological processes begin to accelerate after long quiescent periods (McClain et al. 2003) . Inundation can activate microbial and algal cells, delivers chemical substrates to reaction sites, and stimulates enzymecontrolled nutrient transformations and organic matter mineralization (Baldwin and Mitchell 2000; Burns and Ryder 2001; Belnap et al. 2005; Romanì et al. 2006) .
Several findings suggest that biota response to inundation depends on the duration of the preceding dry phase (Baldwin and Mitchell 2000; Larned et al. 2007) . After 17 days of inundation esterase enzyme activity in sediments that had been dry for 256-523 days was comparable to the potential activity in non-inundated sediments from a similar dry-period range (Larned et al. 2007) . After the same dry-period range and 17 days of inundation there was no detectable relationship between sediment respiration rate and dry period duration, although rates tended to be higher for inundated sediments than for non-inundated sediments.
Strong temporal peaks in enzyme activity were observed in sediments within 7 days following inundation (Burns and Ryder 2001) . The short response time of a-and b-glucosidase activities after 24 h flooding suggests that even short pulses in high flows may stimulate bacterial activity as dissolved organic carbon loads also peak at this time. However, a longer wetting time may be needed to drive hydrolysis of the proteins, fatty acids and longer chain polysaccharides. This indicates a rapid use of available carbon by microbial communities. A general decline in enzyme activity rates was found in the 21 days following the first week from inundation, which was thought to be the result of substrate limitation within the flooded cores or inhibition by hydrolysis end products.
There have been laboratory-scale experiments conducted on dry sediment simulating an inundation event in order to demonstrate the role of sediments as a source of microbial populations, and related activities, in "first-flush" water .
Within 9 h after inundation of dry sediments, benthic bacteria colonized the overlaying water and approximately 20% of total cells exhibited DNA de novo synthesis (bromodeoxyuridine-positive). The primary microbial colonizers of the overlaying water -as determined by 16S rRNA gene sequence analysis -were related to at least six different phylogenetic lineages of Bacilli, a group with many (Zoppini 2007) spore-forming members (Onyenwoke et al. 2004) , and Alphaproteobacteria (Brevundimonas spp. and Caulobacter spp.). The microbial awakening was accompanied by C production rates similar to those measured in highly productive eutrophic systems with a prevalence of biomass synthesis ( 3 H-leucine incorporation) over cell division ( 3 H-thymidine incorporation) (Fig. 6.4 ). Significant extracellular enzyme activities were also observed: within 28 h after inundation aminopeptidase activity reached 70% of the peak value, which was after 72 h (431 nmol MCA L À1 h À1 ), while alkaline phosphatase activity reached 83% (99 nmol MUF l À1 h À1 ). The analysis of the aminopeptidase to alkaline phosphatase activity ratio showed the different role played by these enzymes in the metabolic awakening of bacterial cells. The lower hydrolysis rate of organic phosphorus compared to proteins, described by the increasing AMA:APA ratio, indicated a slower P-remobilization compared to N-remobilization. Aminopeptidase and alkaline phosphatase activities were also significantly correlated to bacterial carbon and cell production (P < 0.01; n ¼ 12). This confirmed the key role played by extracellular enzymes in making available organic compounds for both the synthesis of intracellular proteins and the production of new biomass.
A more advanced tool for studying metabolic properties in streambed sediments is represented by the perfused core technique (Marxsen and Fiebig 1993) . The application of this approach enables the acquisition of new information on the time and mode of recovery of benthic microbial communities after flooding without major disturbances of the sediment core (Marxsen et al. 2010) . The response of two river sediments, originating from semi-arid (Mulargia, Italy) and temperate (Breitenbach, Germany) climatic regions, were analyzed. Both sediments were similar in microbial community composition, determined via CARD-FISH, in that they were dominated by Betaproteobacteria (39-45%) and Alphaproteobacteria (27-31%). However, the Mulargia sediment contained a higher percentage of Gram-positive bacteria (24%) than the Breitenbach one (9%). After rewetting bacterial cell abundances did not change significantly from their initial values, which were similar to those observed in the wet sediments (Mulargia 10 Â 10 8 cells mL À1 sediment and Breitenbach 30 Â 10 8 cells mL À1 sediment) (Fig. 6.5 ). The functional awakening of the microbial community was marked by rapid bacterial carbon production, which reached the maxima rates within 48 h in both sediments (Fig. 6.5 ). This trend was also accompanied by a rapid increase in extracellular enzyme activities (Fig. 6.6 ). A few hours after flooding aminopeptidase activity reached about half the level measured in non-desiccated sediments. This activity increased further until the end of the experiment, when values reached those measured in unaffected sediments. Alkaline phosphatase was reactivated within a few hours although in both sediments it underwent a progressive decrease. These experimental findings are in accordance with previous observations. Alkaline phosphatase is involved in phosphorous remobilization and its activity is proportional to phosphorous demand. It has been estimated that 30-60% of the microbial biomass carbon contained in the soil may be released during an individual rewetting event along with water soluble phosphorous deriving, for example, from the microbial cell rupture caused by osmotic shock (Kieft et al. 1987; Halverson et al. 2000; Baldwin and Mitchell 2000; Austin et al. 2004) .
The hydrolysing activity related to polysaccharides (b-glucosidase) and lipids (lipase) also showed a fast recovery with differences among sediments (Fig. 6.6 ). The high activity levels measured at the beginning of rewetting in both environments, especially those for enzymes involved in polymer degradation (bglucosidase, peptidase and lipase), can be taken as an indication of outlasting of extracellular enzymes during drought, confirming previous findings on the preservation of enzymes during drying (Sirová et al. 2006; Fazi et al. 2008; Zoppini 2007) . Their activities can play an important role in fuelling the bacterial metabolism as they supply organic substrates rich in energy (glucose and fatty acids) and amino acids ready to use for synthesising new biomass.
Conclusions
Overall our understanding of the effect of dry-wet conditions on the ecology of temporary rivers is still limited. From the information available on the functional properties of microbial communities we can infer that their role in carbon, nutrient and energy flux in water stress conditions is important. A common feature of rewetted sediments (and soil) is a large flush of mineral phosphorous and nitrogen in the initial phase. Microbial communities can significantly contribute to this via different mechanisms. The preservation of enzymes during periods of drought, even in prohibitive conditions for the rest of the microbial metabolism, determines an excess of labile organic matter and nutrients ready to be taken up later by bacteria at water arrival or to be delivered immediately upon rewetting. In this scenario the first flood delivers labile low molecular organic matter and nutrients to the receiving water bodies with the potential to accelerate microbial processes and affect water quality (i.e., the onset of anoxia).
The fast resumption of enzyme activity favors the rapid re-establishment of sediment functions due to aquatic microbial communities. It appears that dryingrewetting plays a key role in a number of metabolic processes in temporary rivers and the length of drought periods is important in affecting biogeochemical cycling.
Increased periods of drought, due to climate change, could thus represent a bottleneck for bacterial communities living in temporary waters and they will need to adopt their metabolic strategies to survive them.
